involving unstructured dynamic meshes. The spatial discretization of the scheme is based on the upwind approach of Roe referred to as flux-difference splitting (FDS) . The FDS approach is naturally dissipative and captures shock waves and contact discontinuities sharply.
The temporal discretization of the scheme involves an implicit time-integration using a two-sweep Gauss-Seidel relaxation procedure.
The procedure is computationally efficient fi)r either steady or unsteady flow problems. 
The velocities I/, It, and IV are defined by
where xt, Yt, and :t are the grid speeds in the .r,y, and :
directions, respectively, and the pressure p is given by the equation of state for a perfect gas p = ('7 --I ) Ic -_p(,t_" -F v2 -t-w")] (45
The above equations have been nondimensionalized by the freestream density p_ and the freestream speed of sound a_.
Also, the second integral in Eq. (1) is a boundary integral resulting from application of the divergence theorem, and n,, nv, and ,, are Cartesian components of the unit normal to the boundary surface.
Spatial Discretization
The spatial discretization is based on Roe's flux-difference splitting which is herein implemented as a cell-centered scheme The left and right states Q and Q_r, are determined by upwind-biased interpolations of the primitive variables q. In three dimensions, for a given tetrahedron j, for example, the upwind-biased interpolation for q-across the common face between tetrahedra j and k is defined by
in Eqs. (7) and (85, qs and q,_ are the vectors of primitive variables at centroids j and k, respectively, and q,, the vector of primitiv e variables at node i (the n_xle of tetrahedron j opposite to the face being considered5, is determined by an inverse-±_ -._ .
distance-weighted average of the flow variables in the tetrahedra surrounding node i. The upwind-biased interpolation for q+ is determined similarly. Also the parameter _ in EcI. (7) controls a family of difference schemes by appropriately weighting A_ and ,3+. On structured meshes it is easy to show that _¢ = -1 yields a fully upwind scheme, _: = 0 yields Fromm's scheme, and x = 1 yields central differencing.
On highly stretched meshes, the formula for A+ is modified to be 3a
where t, and b are the distances from the midpoint of the face to the centroids of tetrahedra j and k, respectively. This formula weights the flow variables in the interpolation formula (Eq.
(7)) differently to account for the stretching of the mesh. For 
where 1 is the identity matrix, "vol" is the volume of the tetrahedron j, and AQ,,, is the change in flow variables in each of the four tetrahedra adjacent to tetrahedron j. Also in Eq. 
where A 4 and A-are diagonal matrices whose diagonal elements are the eigenvalues A+ and .\-detined by
and I? is the matrix whose columns are the correslxmding eigenvectors. 
In the farfield a characteristic analysis based on Riemann invariants ig used to determine the values of the flow variables on the outer boundary of the grid. This analysis correctly accounts fin" wave propagation in the farfield which is important for rapid convergence to steady-state and serves as a "nonreflecting" boundary condition for unsteady applications.
Results and Discussion
To assess the accuracy and efficiency of the implicit upwind solution algorithm, calculations were first performed in two dimensions for the NACA 0012 airfoil. These results were obtained using the unstructured mesh shown in Fig. 1 A comparison of the convergence histories between explicit and implicit time-marching is shown in Fig. 2(a) . The "error" in the solution was taken to be the L2 norm of the density residual. As shown in Fig. 2(a) , the explicit solution is slower to converge than the implicit solution.
The explicit solution takes approximately 739 CPU secs.
(2,682 iterations) on a Cray-2 computer to converge to engineering accuracy, which is taken to be a three order of magnitude reduction in solution error. In The resulting steady pressure distribution is shown in Fig. 2(b 
Concluding Remarks
A fast implicit upwind algorithm for the solution of the 
